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MULTI-PHASE BIPOLAR BRUSHLESS D.C. MOTOR 

BACKGROUND OF THE INVENTION 

The present invention relates to direct current (D.C.) motors. 
More particularly, the present invention relates to a multi-phase bipolar 
brushless D.C. motor having a stator constituted by an armature, a rotor 
constituted by embedded permanent magnets, and a plurality of windings 
5 connected in parallel resulting in increased efficiency and ease of 

manufacturing. 

In a conventional shunt motor, field coils (exciting coils) are wound 
on the rotor in order to have the proper number of poles. Coils attaching the 
brushes to the rotor are wound on the rotor so that as the rotor is rotated 

10 energy or power is produced. However, these motors present certain 
drawbacks. For example, alien substances such as dust can become 
lodged between commutator segments or the brush. These components 
must be replaced due to the contact with the dust and the breakdown of 
insulation or the wear thereof within the motor. 

15 United States Patent No. 4,882,524 discloses a multi-phase 

bipolar brushless D.C. motor using stator windings sub-wound in series, an 
encoder wheel having angled slot edges, and a photosensor moved within 
the slot for adjusting timing to overcome drawbacks of existing D.C. motors. 
The '524 patent called for the use of whole phase reduction for commutation 

20 timing such that "M" phases would be activated "M-1/M" percent of the time. 

However, this motor had problems associated with current spikes and poor 
conductance during commutation, resulting in poor power production. The 
motor also was difficult to manufacture. 

Accordingly, what is needed is an improved brushless D.C. motor 

25 of improved performance which is easier and less expensive to manufacture 
than prior motors. The present invention fulfills these needs and provides 
other related advantages. 
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SUMMARY OF THE INVENTION 

The present invention resides in a multi-phase bipolar brushless 
D.C. motor in which the embedded permanent magnet is used for the rotor, 
the winding is wound on the stator as the independent winding and 
subwound in parallel, the commutation encoder is fixed on the shaft of the 

5 rotor to be rotated and has a rectangular cut out of the annular ring which 

can be varied to control commutation interval, and the photo-sensor is 
coupled operatively thereto to be connected with the driving circuit. Such a 
motor is smoothly started and rotated with high torque at low speed and high 
power at high speed with a simple construction and low cost of manufacture. 

10 More particularly, the stator is constituted by M phases, each 

phase having a plurality of windings which are connected in parallel and 
being connected independently of the winding connection of the other 
phases. The rotor is rotatably coupled to the stator and has "N" embedded 
permanent magnet poles. A commutation encoder is fixed at one end of the 

15 rotor shaft outside the motor and is generally cylindrical in form. The 
commutation encoder comprises a circular plate and an annular ring, the 
annular ring having light shielding portions and light detecting portions, each 
light detecting portion has opposite vertical edges. The light shielding and 
light detecting portions function, respectively, as the non-sensing and 

20 sensing area. A photo-sensor is coupled operatively with the commutation 
encoder and is constituted so that two photo-transistors are provided with 
respect to each phase. Each photo-transistor is arranged in M phases, in 
turn, one by one at intervals of predetermined shaft angle so as to produce a 
positive pulse when registered with the sensing area of the commutation 

25 encoder. An electronic commutator is constituted in such a manner that four 
power transistors are connected across the winding coil of each phase of the 
stator. Two of the transistors of each phase are connected to one photo- 
transistor of the photo-sensor so that each phase is provided with two photo- 
transistors so as to ^p^rfojTrMhe_determination„.of ..the... current direction 

30 according to the positive pulse of the photo-transistors, thereby flowing the 





alternating current through the winding coil to drive the motor. Finally, an 
electric power source is connected in parallel to each phase of said 
electronic commutator. 

If in this motor the stator winding is arranged as the lap winding, 

5 the motor produces the sinusoidal torque ripples thereby to be adapted for 

the micro-motor. If instead the stator winding is arranged as the wave 
winding, the motor produces the trapezoidal torque ripples to be adapted for 
the power motor. 

The present invention is devised to be made into a bipolar system 

10 so that the copper loss of the exciting coil can be minimized, thereby 
increasing the efficiency, and to make into polyphase so that the utility of the 
coil can be increased, thereby making the compact design of the motor 
possible and improving the torque ripple. Also in this motor the commutation 
system comprises a commutation encoder, a photo-sensor and a electronic 

15 commutator which are simply and safely constituted so that the starting and 
rotation characteristics of the motor can be improved. The motor is smoothly 
started and rotated, with high torque at low speed and high power at high 
speed. The simple construction of the motor also reduces the cost of 
production. 

20 Other features and advantages of the present invention will 

become apparent from the following more detailed description, taken in 
conjunction with the accompanying drawings which illustrate, by way of 
example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings illustrate the invention. In such 

2 5 drawings: 

FIGURE 1 is a schematic diagram showing, partly in block form, a 
system of a multi-phase bipolar brushless D.C. motor embodying the present 
invention; 
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FIGURE 2A is an exploded perspective view of a motor having a 
commutation encoder and a photo-sensor in accordance with the present 
invention; 

FIGURE 2B is a cross-sectional view of the motor of FIG. 2A 
5 FIGURE 3A is a schematic diagram illustrating a circular 

independent winding of coils of a 3-phase 4-pole motor; 

FIGURE 3B is a schematic view illustrating an arrangement of the 
4-pole rotor embedded permanent magnets of FIG. 3A; 

FIGURE 3C is a schematic view of a parallel-developed 
10 independent connecting winding coils of the 3-phase 4-pole motor of FIG. 
3A; 

FIGURE 4A is a schematic representation of a driving circuit in 
accordance with the present invention; 

FIGURE 4B is a schematic representation of the constructions of 
15 the 4-pole rotor embedded permanent magnets, the commutation encoder 
and the photo-sensor in accordance with the present invention; 

FIGURE 5 is a schematic representation of a construction of the 3- 
phase 4-pole motor; 

FIGURE 6 is a diagram illustrating waveforms of the output of 
20 FIGS. 3A, 3B and 3C; 

FIGURE 7A is a representation of a theoretical position of a photo- 
transistor; 

FIGURE 7B is a representation of the waveform of the voltage 
input resulting from the theoretical position of FIG. 7A; 
25 FIGURE 8A is a representation of a corrected position of the 

photo-transistor; 

FIGURE 8B is a representation of the waveform of the voltage 
input resulting from the corrected position of FIG. 8A; 

FIGURE 9A is a representation of the photo-transistor being 
30 attached at the corrected angle to the commutation encoder; 

FIGURE 9B is a representation of the waveform of voltage input 
resulting from the corrected angle of FIG. 9A; 





FIGURE 10A is a representation of a state where the photo- 
transistor is attached to the optimally corrected angle on the commutation 
encoder; 

FIGURE 1 0B is a representation of the waveform of voltage input 
5 resulting from the optimally corrected position of FIG. 10A; and 

FIGURE 11 is a schematic view showing an arrangement of the 
sets of photo-transistors for use in the forward and reverse rotation in the 3- 
phase 4-pole motor in accordance with the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



As shown in the drawings for purposes of illustration, the present 
10 invention relates to a multi-phase bipolar brushless D.C. motor. It should be 
noted that, for a facile description, the following explanation of the present 
invention will be made with reference to a 3-phase 4-pole brushless D.C. 
motor which is illustrated, by way of example only, in the accompanying 
drawings. 

15 Referring now to FIGS 1-2B, there is illustrated, partially in block 

form in FIG. 1, a system of a 3-phase 4-pole brushless D.C. motor according 
to the present invention. The 3-phase 4-pole brushless D.C. motor includes 
a rotary machine 1 having a stator 4 constituted by three phases A, B and C, 
each phase having four windings 40 which are connected in parallel. Each 

20 phase is connected in parallel to a voltage controller, directly in the case of a 
direct current power supply, and through a direct current rectifier in the case 
of an alternating current supply so that the motor is composed efficiently. 

The rotary machine 1 also has a rotor 7 constituted by one or 
more embedded permanent magnets 8, making the rotor having better flux 

25 concentration. A rotor shaft 11 of the rotary machine 1 is projected 
outwardly from a bracket 12 which is fixed on one end of the rotary machine 
1 . A commutation encoder 2 is fixed along the length of the rotor shaft 1 1 
towards one end thereof by means of a screw 16 and washer or like means 
so that the commutation encoder 2 can be rotated together with the rotor 

3 0 shaft 11. With reference to FIGS. 2A and 2B, the commutation encoder 2 
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assumes a generally cylindrical form having a circular plate 19 and an 
annular ring 20. The annular ring 20 comprises light shielding portions 21 
and light detecting portions 22 which function as the non-sensing areas and 
the sensing areas, respectively. 

5 The PCB board 50 supports a photo-sensor 5 which produces a 

positive pulse when registered with the sensing area of the commutation 
encoder 2. The photo-sensor 5 typically assumes a U-shaped form having a 
guide groove 59 for receiving and guiding the annular ring 20 of the 
commutation encoder 2. A cover plate 70 may encase the above-described 

10 components as deemed necessary. 

Referring now to FIGS. 3A-3C, the windings 40 of each phase of 
the stator 4 are connected independently of the winding connection of the 
other phases. A circular independent connecting diagram of the 3-phase 4- 
pole motor illustrates this configuration in FIG. 3A, and a parallel developed 

15 independent connecting diagram of the winding coils is shown in FIG. 3C. 
The winding coil ends of each phase of the stator 4 are connected to 
transistors of each corresponding phase of an electronic commutator, as will 
be described more fully herein. Thus, since the stator 4 assumes the 
independent phase-connected winding form connected differently from the a 

20 connected, or Y-connected winding form, the motor is constituted so that the 
exciting condition of the winding coil of each phase is always constant, even 
though the motor becomes a polyphase motor. 

As shown in FIG. 3B, the rotor 7 is constituted as four embedded 
magnetic poles. It is understood that the stator 4 can be constituted as two, 

25 three,... M phases and the rotor 7 can be constituted as one, two, four, six, 
eight,... or 2n poles. Hence, the number of poles can be easily increased, or 
reduced as occasion demands, and the length, the thickness, or the shape 
of the rotary machine 1 can be easily modified as occasion demands. 

Each of the light detecting portions 22 of the annular ring 20 has 

30 opposite vertical portions 23 so as to modulate the exciting width by 
adjusting the width of the light sensing portion of the annular ring 20. The 
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number of the light detecting portions 22, i.e., the sensing areas is 
determined by the following formula: the number of poles in the rotor/2. 

Accordingly, the number of the sensing areas of the preferred 3- 
phase 4-pole motor corresponds to two. Also, the width of the sensing area 
corresponds to the shaft angle determined by the following formula: 2n/ the 
number of poles x (the number of phases x K/ the number of phases), where 
k is the commutation coefficient. Hence, the width of the sensing area of the 
preferred 3-phase 4-pole motor corresponds to the shaft angle of 60°, as 
shown in FIG. 5, where k = .67. The commutation coefficient is determined 
experimentally and differs depending on N, M, lamination shape, magnetic 
strength, airgap and overall motor shape. 

Referring now to FIGS. 4A and 4B, there is illustrated a driving 
circuit having the commutation system comprising the commutation encoder 
2, the photo-sensor 5, and the electronic commutator in accordance with the 
present invention. The electronic commutator is constituted in such a 
manner that four power transistors are connected across the winding coil of 
each phase of the stator 4. Two of transistors connected across the winding 
coil of each phase are connected to one photo-transistor of the photo-sensor 
5 so that each phase is provided with two photo-transistors, thereby 
performing the determination of the current direction according to the 
operation of the photo-transistors. 

For example, one photo-transistor PA 1 of A-phase of the photo- 
sensor 5 is connected to the transistors Q 1 and Q 4 so that, when the photo- 
transistor PA 1 is turned on, the transistors Q 1 and Q 4 are turned on to allow 
the current to be flowed from the transistor Q 1 to the transistor Q 4 . The other 
photo-transistor PA 2 of A-phase is connected to the transistor Q 2 and Q 3 so 
that, when the photo-transistor PA 2 is turned on, the transistors Q 2 and Q 3 
are turned on to allow the current to be flow from the transistor Q 2 to the 
transistor Q 3 . The photo-transistors in B- and C-phase are connected to the 
transistors in the same way as the photo-transistors in the described A- 
phase. 
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Therefore, the commutation system of the present invention is 
independently arranged in every phase. Thus, as two photo-transistors are 
provided with respect to one phase so that only the positive pulse in used, 
the pulse dividing device common in prior art systems can be removed. 

5 As shown in FIGS. 4B and 5, the photo-sensor 5 is constituted by 

six photo-transistors PA 1f PB 1( PC^ PA 2 , PB 2 and PC 2 so that two photo- 
transistors are provided with respect to each phase. Each of photo- 
transistors PA.,, PB^ PCt PA 2 , PB 2 and PC 2 in A-, B-, and C-phase is 
arranged, in turn, one by one at intervals of the shaft angle calculated by the 

10 following formula: 2n/(the number of poles x the number of phases). 

Accordingly, the interval between each photo-transistor of the preferred 3- 
phase 4-pole motor corresponds to the shaft angle of 30°. 

The interval between two photo-transistors of each phase is 
determined by the following formula: 2n/the number of poles. Therefore, the 

15 interval between two photo-transistors PA 1 and PA 2 of A-phase corresponds 
to the shaft angle of 90°. The B- and C-phases are determined in the same 
fashion as the A-phase. 

In the brushless D.C. motor constructed thus, the number of 
photo-transistors which can be turned on simultaneously within one sensing 

20 area corresponds to the number of phases minus one. Accordingly, the 
commutation encoder 2 and photo-transistors according to the present 
invention becomes: 2-phase 1 -exciting, 3-phase 2-exciting, 4-phase 3- 
exciting, 5-phase 4-exciting, 6-phase 5-exciting. . .; so that a n-phase (n-1)- 
exciting motor is constructed, thereby performing the production of the 

25 multiphase bipolar brushless D.C. motor. 

Referring now to FIGS. 7-8, in order to improve the efficiency and 
minimize the copper loss, it is preferred for the photo-transistors of the 
photo-sensor 5 be set in the advanced commutation by "9°" as the best 
position with the motor in driving mode. If the photo-transistor (only one 

30 shown) is registered with the theoretical sensing position of the sensing area 
of the commutation encoder 2 during the driving of the motor, the photo- 
transistor will generate a positive pulse so that the transistor of the electronic 
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commutator is "ON", causing a current to flow in a given direction of the 
winding coil. Then, when the photo-transistor is registered with the non- 
sensing area of the commutation encoder 2 by the rotation of the 
commutation encoder 2, the photo-transistor stops the generation of the 

5 positive pulse to allow the transistors to be turned "OFF", thereby cutting off 

the current in the winding coil. The position of maximum torque, efficiency, 
and power can be shown to be at an advanced position due to optimizing the 
force vectors of torque production in this type of motor. Accordingly, it is 
necessary to eliminate the portion of poor torque by the advanced 

10 commutation of the photo-transistor with the reverse direction to the rotating 
direction of the rotor 7. This advanced commutation of the photo-transistor 
of the photo-sensor 5 can be easily adjusted because the photo-transistor is 
disposed on the rotor shaft 1 1 outside the rotary machine 1. 

The photo-sensor 5 position of every other photo-transistor in the 

15 rotational sequence can be moved rotationally to another pole of the magnet 
having the same polarity at approximately the same location as the original 
pole according to the formula: 47i/(the number of poles), when the motor has 
insufficient area to properly position all of the photo-sensors. 

With reference to FIGS. 9 and 10, the width of the sensing area for 

20 the photo-sensor 5 can be slightly changed to modulate the exciting width in 
the winding coil, as determined to be necessary. For example, in the case 
that photo-transistors of the photo-sensor 5 are positioned in the position 
which the sensing area therefore corresponds to the shaft angle of 60°, the 
winding coil will result in the exciting in the area of poor torque. The exciting 

25 in the area of poor torque makes the iron loss of the stator increased, which 
results in generating heat in the motor which degrades the efficiency of the 
motor. To eliminate these drawbacks, it is necessary to change the width of 
the sensing area for the photo-transistor having an effect on the exciting 
width in the winding coil. This is accomplished by changing the angle 

30 between the edges of the light detecting portion. This adjustment can be 
more easily performed by using an encoder with a different width. It is 
preferred for the adjustment of the angle between the edges of the light 
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detecting portions of the encoder to be set in the best position of torque and 
in the most efficient position of the motor in operation. Thus, the 
commutation encoder 2 of the invention makes it possible to maximize the 
efficiency of the motor by adjusting the angle between edges of the light 
detecting portions 22. 

The photo-sensor 5 of the 3-phase 4-pole brushless D.C. motor 
according to the present invention, and as shown in FIG. 11, can be 
constructed to rotate forwardly or reversely by providing the set of photo- 
transistors PA'., -PC 2 for use in the reverse rotation in the symmetric position 
separated from the set of photo-transistors PA 1 - PC 2 for use in the forward 
rotation advancedly positioned by "6°" from the theoretical sensing position 
of photo-transistor. In accordance with the selection of the set of the photo- 
transistors for use in the forward or reverse rotation by non-contacted 
electro-magnetic operation, the forward, or reverse rotation of the motor is 
possible. 

The operation of the preferred 3-phase 4-pole brushless D.C. 
motor according to the present invention will now be described. The power 
source is turned on to energize the commutation system of the drive circuit. 
Each of photo-transistors PA 1; PB^ PC^ PA 2 , PB 2 and PC 2 of the photo- 
sensor 5 is registered with one sensing area of the commutation encoder 2 
in order to produce the positioning pulse and supply the produced positive 
pulse to the electronic commutator to allow the transistors Q 1 -Q 12 of the 
electronic commutator to be turned on, thereby allowing bipolar, partial 
square wave current flow through the winding coil of each phase as shown in 
FIG. 6. Namely, when the photo-transistors PA t and PB 1 of A- and B-phases 
are within the sensing area of the commutation encoder 2, both the photo- 
transistors PA 1 and PB t produce the positive pulse. 

Then, the transistors Q 1 and Q 4 , and Q 5 Q 8 in A- and B-phases are 
turned on so that the current of each phase flows, respectively, from the 
transistor Q A to Q 4 and from the transistor Q 5 to Q 8 so as to allow the 
corresponding alternating current of the square wave to be flowed through 
the winding coil of A- and B-phases, thereby driving the motor. 
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In this case, since the width of the sensing area for the photo- 
transistor producing the positive pulse to transmit to the electronic 
commutator corresponds to the shaft angle of 60°, the photo-transistor PC.,, 
PC 2> and PA 2 and PB 2 spaced respectively by the shaft angle of 90° away 

5 from the photo-transistors PA, and PB,, are turned off. While the rotor 7 is 

rotated by the shaft angle of 30° upon alternating, the photo-transistor PA, is 
turned off, as shown in FIG. 4B. Then, the photo-transistor PC, is newly 
positioned in the sensing area of the commutation encoder 2 to produce the 
positive pulse. Accordingly, the transistors Q 5 and Q 8 , and Q 9 and Q 12 in B- 

10 and C-phases are maintained in an "on" state so that the current of each 
phase flows, respectively, from the transistor Q 5 to Q 8 and from the transistor 
Q 9 to Q 12 so as to allow the corresponding alternating current of the square 
wave to be flowed through the winding coil of B- and C-phases, thereby 
driving the motor. In this case, the photo-transistors PA,, PA 2 , PB 2 and PC 2 

15 are turned off, by reason as above-mentioned. 

While the rotor 7 is again rotated by the shaft angle of 30°. upon 
the alternating, the photo-transistor PB, is turned off. Then, the photo- 
transistor PA 2 is newly positioned in the sensing area of the commutation 
encoder 2 to produce the positive pulse. Accordingly, the transistors Q 9 and 

20 Q 12 , and Q 2 and Q 3 in C- and A-phases are maintained in an "on" state so 
that the current of each phase flows, respectively, from the transistor Q 9 to 
Q 12 and transistor Q 2 to Q 3 so as to allow the corresponding alternating 
current of the square wave to be flowed through the winding coil of C- and A- 
phases, thereby driving the motor. In this case, the photo-transistor PA 1t 

25 PB^ PB 2 and PC 2 are at the position where it cannot be turned on, by reason 
as mentioned above. Thus, the operation of the photo-sensor 5 and 
electronic commutator of the commutation system is repeated to drive the 
motor. 

Accordingly, the brushiess D.C. motor according to the present 
30 invention is smoothly rotated. 

From the above description, it will be readily seen that the 
brushiess D.C. motor of this invention is constructed so that a pair of photo- 
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transistors per phase are arranged in the commutation encoder 2 so as to 
eliminate the signal dividing device thereby enabling the circuit to be 
simplified. Moreover, the brushless D.C. motor of the invention is constituted 
so that the maximum current can be applied to the independent and parallel 

5 winding coil for each phase, and the winding coils are utilized efficiently so 

as to realize a compact design. Furthermore, the brushless D.C. motor of the 
invention allows a torque ripple to be remarkably improved, and the iron loss 
to be minimized by eliminating the portion having the poor torque by the 
advanced commutation of the photo-transistors and the adjustment of the 

10 width of the sensing area for the photo-transistor so that the heat generated 
from the motor is minimized with improving the efficiency. Further, the 
brushless D.C. motor of the invention can be constructed to rotate forwardly 
or reversely by providing the set of photo-transistors used during the reverse 
rotation in the symmetric position separated from the set of photo-transistors 

15 used during the forward rotation. Also, the reduction of the captivity of the 
transistor mounted in the driving edge having independent phases makes 
the manufacturing cost reduced. 

Although an embodiment has been described in detail for 
purposes of illustration, various modifications may be made without 

20 departing from the scope and spirit of the invention. Accordingly, the 
invention is not to be limited, except as by the appended claims. 




